Abstract.-Previous studies have demonstrated that the agent of Pneumocystis pneumonia (PcP), Pneumocystis carinii, is actually a complex of eukaryotic organisms, and cophylogeny could explain the distribution of the hosts and parasites. In the present work, we tested the hypothesis of cophylogeny between the primate-derived Pneumocystis group and their hosts. Specific strains isolated from 20 primate species, including humans, were used to produce a phylogeny of the parasites. Aligned sequences corresponding to DNA sequences of three genes (DHPS, mtSSU-rRNA, and mtLSU-rRNA) were separately analyzed and then combined in a single data set. The resulting parasite phylogeny was compared with different controversial phylogenies for the hosts. This comparison demonstrated that, depending upon which topology is accepted for the hosts, at least 61% and perhaps 77% of the homologous nodes of the respective cladograms of the hosts and parasites may be interpreted as resulting from codivergence events. This finding and the high specificity of these parasites suggests that cophylogeny may be considered the dominant pattern of evolution for Pneumocystis organisms, representing a new example of parallel evolution between primates and their specific parasites. Because the phylogeny of Pneumocystis followed very closely the differentiation of their hosts at the species level, the study of the parasites could provide valuable information on the phylogeny of their hosts. We used this information to explore controversial hypotheses of the phylogeny of the Platyrrhini by comparison with the phylogeny of their specific Pneumocystis parasites. If these organisms were closely associated as lung parasites with primates through the ages, the hypothesis of the Pneumocystis spp. being new pathogenic agents could be refuted. However, these organisms are opportunistic symbionts, becoming pathogenic whenever the immunological defences of their hosts decline. This study also provides support for the hypothesis that the different Pneumocystis species are genetically independent organisms, helping to clarify their taxonomic status. [Cophylogeny; host/parasite coevolution; PcP; Pneumocystis species; primates.]
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Pneumocystis pneumonia (PcP) is still considered one of the most serious fungal respiratory infections occuring in immunocompromised patients, especially HIVinfected individuals (Cushion, 1998; Dei-Cas, 2000) . The entity "Pneumocystis carinii" was originally considered a single organism, responsible for pulmonary colonization or infection in a very wide range of mammalian hosts. Frenkel (1976) was the first author to suspect that the situation might be more complex and to suggest a distinction between human-and rodent-derived Pneumocystis. Molecular comparisons of various gene sequences (Edman et al., 1988) clearly demonstrated that "Pneumocystis carinii" actually corresponds to a complex of eukaryotic organisms that should be assigned to the kingdom Fungi (Stringer, 1996; Cushion, 1998) . Demanche et al. (2001) recently demonstrated that a specific mitochondrial large subunit (mtLSU) ribosomal DNA sequence could be attributed to several primate species and that the sequence divergence among different Pneumocystis species or genotypes was correlated with the phylogeny of their specific hosts. These results suggest that cophylogeny can explain the current distribution of the hosts and parasites. This paper is a result of testing the hypothesis of cophylogeny between primate-derived Pneumocystis genotypes and their hosts. Sequences extracted from specific strains isolated from 20 primate species and corresponding to three genes (DHPS, dehydropteroate synthetase; mtSSU-rRNA, small subunit of mitochondrial ribosomal RNA; mtLSU-rRNA, large subunit of mitochondrial ribosomal RNA) were submitted to phylogenetic analysis. Because most of the samples were obtained from captive primates, the exact taxonomic status of the parasites was addressed, taking into consideration our knowledge about the specificity of the Pneumocystis species for their hosts. Comparison of the phylogeny of parasite species with the phylogeny of the primate hosts allowed us to test the cophylogeny hypothesis. Numerous conflicting hypotheses, recently proposed for the generic relationships within the Platyrrhini, were successively compared with the cladogram of the Pneumocystis species or genotypes to determine which primate topology best fits the phylogeny of the parasites. The lungs were frozen after necropsy and stored at −20
MATERIALS AND METHODS

DNA Extraction from
• C prior to direct examination and DNA extraction. A volume of 100 µl from the final filtrates of lung extracts was first frozen at −20
• C and then digested by proteinase K (Boehringer Mannheim) at a final concentration of 0.34 mg/ml. A phenol-chloroform extraction was then performed with a final precipitation in ethanol. The presence of Pneumocystis DNA in lung was assessed by nested polymerase chain reaction (PCR). The protocols for the nested PCR and primers for mtLSU-rRNA and mtSSUrRNA have been reported by Demanche et al. (2001) . For the first round of PCRs for the DHPS gene, the primer set A HUM /B HUM (5 -GCG CCT ACA CAT ATT ATG GCC ATT TTA AAT C-3 /5 -CAT AAA CAT CAT GAA CCC G-3 ) was used (Lane et al., 1997) . The thermocycling conditions were as follows: 10 cycles of denaturation for 30 sec at 94
• C, annealing for 1 min at 52
• C, and extension for 1 min at 72
• C and 25 additional cycles of denaturation for 30 sec at 94
• C, annealing for 1 min at 42
• C. The second round of PCRs was performed with 5% (vol/vol) of the first-round mix and the primer set C PRIM /D PRIM (5 -CCC CCA CTT ATA TCA-3 /5 -GGG GGT GTT CAT TCA-3 ) . The thermocycling conditions for the second PCR round were 30 cycles of denaturation for 30 sec at 94
• C, annealing for 1 min at 50
• C. Negative controls were included in each experiment, for both DNA extraction and PCR amplification, to monitor for possible contamination. Amplification products were purified in a 2% agarose gel (tris-borate-EDTA buffer) and extracted with a Geneclean II kit (Ozyme, France) when nonspecific bands were detected. Amplification products were directly sequenced from both ends using sets of internal primers on an automated DNA sequencer (GenomeExpress, Montreuil). The sequences have been submitted to GenBank. Except the previously described Pneumocystis species P. carinii Delanoë and Delanoë 1912 from rats and P. jiroveci Frenkel 1999 from humans (Stringer et al., 1996 (Stringer et al., , 2001 , the recognized Pneumocystis species that had not yet been described following the Botanical Taxonomic rules (as required for fungal organisms) were named following the recommendations from the Pneumocystis Workshop (Anonymous, 1994) . Here, P. c. is used as an abbreviation for Pneumocystis carinii.
Sequence Alignment
The cladistic analysis of Pneumocystis included 20 different strains isolated from different primate hosts. Two additional strains isolated from rodents were used as outgroups. Table 1 lists the strains analyzed, their specific hosts, their origins, and the code of the corresponding sequence(s) when available. Sequence alignment was first performed automatically with Clustal X default options (Thompson et al., 1997) and subsequently improved by eye using Se-Al (Rambaut, 1996) . Alignment problems, due to deletion or insertion events, were locally encountered within the mtSSU and mtLSU matrices. We designated these regions as ambiguous, when and because more than one equally optimal alignment may be proposed. Although comparative secondary structure alignment is currently considered a powerful alignment method (Hickson et al., 2000; Page, 2000) , it cannot be used to align such variable regions. In addition, no models are currently available for Pneumocystis organisms. Thus, we applied the method proposed by Barriel (1994) . Following this method, successive parsimony analyses using PAUP * 4.0b10 (Swofford, 2001) were carried out on each ambiguous region to test different alignments and to define those that were most parsimonious. Different alignment were produced manually using Se-Al 2.0a11 (available at http://evolve.zoo.ox.ac.uk/software.html?id=seal). To avoid being influenced by the classification of the hosts, the name of the parasites were hidden and the taxa were ordered randomly while the ambiguous regions were aligned using the following criteria (Barriel, 1994) :
(1) minimize the number of inferred mutations (number of steps), (2) test the number of weighted mutations (one transition [Ts] , is preferred to one transversion [Tv] , and (3) minimize the number of variable sites. Alignments for the DHPS, mtLSU, and mtSSU genes are available in appendices 1, 2 and 3 on the Systematic Biology Website and referenced in TreeBase (http://treebase.bio.buffalo.edu/treebase/) as SN1531-4614, SN1531-4615, and SN1531-4616, respectively.
Sequence Analyses
To test the robustness of the parasite phylogeny, aligned sequences corresponding to the three genes were separately analyzed. For mtSSU and mtLSU, we also performed different analyses using different codings of the gaps: as a dash (-), or as "id", following Barriel (1994) . Analyzing each gene separately using different coding strategies gave congruent topologies, and maximum parsimony (MP) and maximum likelihood (ML) analyses yielded nearly identical results. Comparison of the results obtained with different genes also revealed congruent topologies; with the exception of the taxa not represented in a particular matrix, the same clusters could be recognized. These results allowed us to combine the three data sets into single analysis. For each individual gene and for the combined analysis, MP and ML analyses were successively computed using the PAUP * 4.0b10 (Swofford, 2001) . Modeltest 3.0 (Posada and Crandall, 1998) was used to determine the parameter values for the ML heuristic searches ( Table 2) . Robustness of the nodes was assessed by using the bootstrap method (Felsenstein, 1985) with bootstrap proportions computed after 1,000 replicates of heuristic search with the closest stepwise addition of taxa option. MacClade 4.0 (Maddison and Maddison, 2000) and Treeview 1.3 (Page, 1996) were used for data and tree handling and for computation of statistics. 
Cophylogenetic Analyses
Comparison of host and parasite phylogenies was performed using TreeMap 1.0b (Page, 1995) . First, the cladogram of the parasites was compared with the Purvis (1995) composite estimate of primate phylogeny using reconciliation analysis. The Purvis tree was restricted to the taxa included in our data set and was used as a basic hypothesis. Then, the parasite tree was randomized with respect to the host tree to determine whether more cospeciation could be inferred than expected by chance. Generally, the classification of the primates proposed by Purvis (1995) is consensual, and only minor amendments have been proposed since. The Platyrrhini are an exception: although numerous studies of this group have been conducted during the past 20 years, the results often differ widely (for a review see Hugot, 1998; Schneider et al., 2001 ). Thus, different classifications proposed for the Platyrrhini (Fig. 3) , were compared with the corresponding part of the Pneumocystis phylogeny using TreeMap reconciliation analysis (Table 3) . These classifications are based on morphological data (e.g., Rosenberger, 1981 Rosenberger, , 1984 Ford, 1986; Kay, 1990) , molecular data (e.g., Horovitz and Meyer, 1995; Harada et al., 1995; Schneider et al., 1996; Porter et al., 1997; Canavez et al., 1999; Chavez et al., 1999; von Dornum and Ruvolo, 1999) , combined analyses (Goodman et al., 1998) , or parasitological data (Hugot, 1999) . When the source studies proposed several different topologies for the phylogeny of Platyrrhini monkeys we proceeded as follows. The Horovitz and Meyer tree is tree b of their figure 6 (Horovitz and Meyer, 1995) . The Harada et al. tree is the strict consensus tree represented in their figure 3 (Harada et al., 1995) . The Porter et al. tree is the strict consensus tree represented in their figure 4 (Porter et al., 1997) . Within the genus Saguinus, Mendes de M. Dantas and de Souza Barros (1997) and Cropp et al. (1999) tested the arrangement proposed by Purvis (1995) . The first study did not produce a phylogeny but confirmed that S. fuscicollis could be considered the most divergent species in this group. The second study produced an arrangement that did not dispute Purvis's classification for the taxa included in the present study. Thus, we kept Purvis's arrangement on this point. a. Rosenberg, 1981 Rosenberg, , 1984 Morphology Kay, 1990 Dental 
RESULTS OF CLADISTIC ANALYSES
Analyzing each gene separately using different coding strategies gave congruent topologies, and MP and ML analyses yielded nearly identical results. Comparison of the results obtained with different genes also revealed congruent topologies; with the exception of the taxa not represented in a particular matrix, the same clusters could be recognized. Thus, a combined data analysis was finally computed by grouping together the individual matrices for each gene. The cladogram resulting from the ML analysis of the combined matrix is represented in Figure 1 . On this cladogram are also summarized the results of the ML analyses of the individual matrices: the bootstrap values for the separate DHPS, mtSSU, and mtLSU analyses and the combined analysis are given at each node. Figure 1 shows that all the analyses emphasized the monophyly of Pneumocystis spp. from Strepsirhini, from Catarrhini, and from Haplorhini (Catarrhini + Platyrrhini). Within the parasites of Catarrhini, the mtLSU and combined analyses strongly supported most of the nodes. With the exception of the mtLSU analysis, the Pneumocystis spp. from Platyrrhini appeared as a monophyletic group but with relatively lower bootstrap values than in the other parts of the trees. The combined ML analysis gave a complete resolution within the parasites of Platyrrhini and is the sole analysis proposing a resolution for the three taxa P. c. pithecia, P. c. sciureus, and P. c. aotus, but the bootstrap values are relatively low, sometimes <50%. Whatever the analysis considered, three pairs have a high bootstrap support: P. c. callithrix-P. c. geoffroyi, P. c. callimico-P. c. fuscicollis, and P. c. midas-P. c. imperator.
DISCUSSION
Host Specificity
Evaluation of parasite specificity is critical for assessing the validity of the phylogeny and also for testing cophylogeny hypotheses. Regarding the different species of Pneumocystis, several arguments should be taken into consideration in support of high host specificity. The first one is that tentative crossinfection experiments have systematically failed (Walzer, 1984; Aliouat et al., 1993 Aliouat et al., , 1994 Furuta et al., 1993; Gigliotti et al., 1993; Atzori et al., 1999; Durand-Joly et al., 2002) . Beard et al. (1999) described an experiment during which owl monkeys (Aotus nancymai) were inoculated with human-derived Pneumocystis. The control positive monkeys were severely immunodepressed. No signs of PcP were detected, and the positive PCR assay was interpreted as a transient colonization. Furthermore, in this experiment a PCR-positive sample was obtained from control monkeys. Because the corresponding DHPS gene sequence appeared to be highly divergent from other known sequences, the authors suggested characterizing an Aotus-specific P. carinii. The results of the analysis of our DHPS data set and of the combined analysis verifies that this sequence may be included in a monophyletic group together with the other parasites of Platyrrhini (Fig. 1) . Other arguments supporting a high specificity of the Pneumocystis parasites deal with the distribution of the hosts and Pneumocystis spp., as described in Table 1 . First, although captive animals were living in a human environment, none of them were control positive for human P. jiroveci. In addition, when several conspecific monkeys were positive, they exhibited 100% identical sequences, even if they were living in different places. For instance, identical sequences for mtLSU-rRNA or mtSSU-rRNA genes were found in several individuals of Callithrix jacchus from La Palmyre Zoo or from the Center of Primatology of Strasbourg. The finding of the same sequence in both captive and wild animals is a very strong argument supporting host specificity. This was the case with the parasite of Saguinus midas, which was first reported from three individuals from a zoo (La Palmyre) and later from a wild animal in French Guyana. In this case, the identity of the sequences was established for the three genes examined.
In conclusion, (1) inoculating animals with Pneumocystis organisms collected from a different host systematically failed; (2) when several individuals of the same species harbored Pneumocystis organisms, identical Pneumocystis sequences were identified, even when the FIGURE 1. Phylogram resulting of ML analysis of the combined data set, following the model presented in Table 2 . Numbers/Symbols at nodes (left to right) are bootstrap values for the ML analysis of the DHPs, mtSSU, mtLSU, and combined data, respectively, when they are ≥50%; <indicates bootstrap values <50%;? indicates that certain taxa are absent in a particular analysis; N indicates that the taxa are present but the corresponding node does not appear in the corresponding analysis. Scale indicates branch length.
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VOL. 52 monkeys were not kept in the same place; (3) there was no evidence of cross transmission among species that were kept close together in captivity; and (4) sequences from captive and wild animals were identical. These results suggest that each primate species has its own Pneumocystis species, with specific DHPS, mtSSU-rRNA, or/and mtLSU-rRNA gene sequences. Strong host specificity prohibits cross transmission and allows individuals to keep their own parasite even when they are not living in their natural environment. Figure 2 allows the comparison of the parasite tree with a phylogeny of the corresponding primate host species. The parasite phylogeny is the tree resulting from the ML analysis of the combined data set. The host tree represents a consensus of different hypotheses and includes several polytomies (dotted lines), when different topologies have been proposed for the arrangement of the same taxa, i.e., the branching pattern of Aotus, Pithecia, and Saimiri with the Callitrichinae; within the Callitrichinae, the branching of Callithrix, Callimico, and Saguinus.
Comparison of the Pneumocystis Phylogeny with the Phylogeny of Their Hosts
In Figure 2 , dots indicate the congruent nodes where codivergence events can be inferred from reconciliation analysis. Solid dots indicate nodes that are congruent whatever phylogenetic hypothesis is chosen for the hosts. Open dots signal a particular case: P. c. callithrix and P. c. geoffroyi produced identical mtLSU-rRNA and mtSSU-rRNA sequences; thus, they probably cannot be considered different parasite species. This situation may be interpreted as a case where two host sister taxa harbor a single parasite species. Johnson et al. (2003) called this type of evolutionary event a failure of the parasite to speciate in response to host speciation, and they considered that this process can lead to incongruence between host and parasite trees. Hugot et al. (2001) provided evidence that this process was probably frequent during evolution of the Old World Arenaviridae, especially when sister rodent host species were concerned. Hugot et al. (2001: 3) provided a different interpretation: "if the same parasite species is observed in two closely related hosts, the most parsimonious hypothesis is that the hosts inherited this parasite from a common ancestor." Such a case of transmission by descent may be considered a particular case of codivergence, which we proposed to call cophylogeny without cospeciation. The circled solid dots indicate that when the parasite phylogeny is compared with the best fitting host phylogeny, two additional nodes may be interpreted as the results of cospeciation events. Figure 2 shows that with the less resolved topology for the primates 11 (61%) of congruent nodes between the parasite and the host trees or 12 (67%), if the sister grouping of P. c. callithrix-P. c. geoffroyi is considered a different case of transmission by descent, reflect codivergence events. When the parasite tree is compared with the best fitting host topology, 13 (72%) or 14 (77%) of the nodes may be interpreted as reflecting codivergence events. In any case, these numbers are higher than would be expected by chance (P = 0.001). Within the Catarrhini, only one incongruent node can be observed within the Macaca group, where the branching of the parasites of M. nemestrina and M. fascicularis are different from the branching of their respective hosts. However, only one gene (mtLSU-rRNA) enabled comparison of these parasites, and the corresponding sequences differed for only one position. Thus, further investigations are needed be- fore deciding whether this incongruence is the result of an artifact.
Within the parasites of the Platyrrhini, the incongruent nodes correspond with these host taxa whose exact branching is questionable (Fig. 3) . Several of these nodes are weakly supported possibly because the parasite of Aotus is represented by a single and uncompleted 742 SYSTEMATIC BIOLOGY VOL. 52 sequence (DHPS) and several other parasite species of this group are not represented in the DHPS matrix. However, because different conflicting arrangements still are proposed for the Platyrrhini, it is worth attempting a comparison between the parasite phylogeny and the different hypotheses proposed for the hosts. Figure 3 represents most of the different topologies that have been proposed for the Platyrrhini over the last 20 years. For more clarity, the trees have been limited to the genera represented in our study. For each topology, the source study(s) and nature of characters are indicated in Table 3 . Trees a, b, and c were produced using anatomical characters. Trees d, e, f, and g were produced using different sets of molecular characters. Tree h is based on the phylogenetic analysis of the morphology of the primate pinworm parasites. Tree i is the topology of the Pneumocystis spp. parasite of Platyrrhini. In the parasite trees, h and i, the names of the hosts and parasites have been switched.
Testing Different Topologies Within the Platyrrhini Group
All the cladograms in Figure 3 agree with the monophyly of the Callitrichinae (Callimico, Callithrix, and Saguinus) but with three different topologies: in the cladograms based on anatomical characters, Callithrix and Saguinus are sisters; in the cladograms based on molecular data, Callithrix and Callimico are sister; and in the cladograms based on parasite data, Callimico and Saguinus are sisters. For the other three taxa, Pithecia, Aotus, and Saimiri, six different topologies have been proposed, and there is little similarity between cladograms based on comparable types of characters (morphological, molecular, or parasitological). However, of the 12 different source studies taken into consideration, 8 indicate that Aotus and Saimiri are more closely related to the Callitrichinae than is Pithecia. This is also the case for the combined analyses that have been published by Schneider et al. (1996) and Goodman et al. (1998) . Thus, it seems a consensus could be reached on this point. The exact branching of Aotus and Saimiri relative to the Callitrichinae remains to be determined, and Figure 3 shows that all the possible options have been successively proposed. Recently, a further attempt was made based on the nuclear G6PD gene (von Dornum and Ruvolo, 1999) to try to resolve this point; but the analysis gave an unresolved topology in which Aotus and Saimiri are included in a basal polytomy.
The right part of Table 3 shows how many nodes are congruent when comparing the different topologies represented in Figure 3 . Generally, the cladograms based on the same type of characters (either morphological or molecular) have better congruence; only twice do identical topologies occur (five congruent nodes); this occurred within the molecular cladograms and in one case can be explained because both studies were based on the same gene. The Pneumocystis cladogram best fits with the host topologies proposed by Canavez et al. (1999) and Chavez et al. (1999) . Parasitological data do not completely support any of the phylogenetic hypotheses proposed for the hosts. However, in the comparison between the Pneumocystis cladogram and the best fitting host topology 14 of 18 nodes are congruent, i.e., 77%.
CONCLUSIONS
Two opposing hypotheses could be proposed a priori to explain the distribution of the Pneumocystis species among their primate hosts: (1) the parasites can easily be exchanged because their specificity for their hosts is weak, random host switching is the general pattern, and no correlation can be expected to be observed between host and parasite phylogenies; and (2) the parasites are highly specific, coevolution is the general pattern for transmission, and their present distribution results strictly from association by descent. In view of the results presented here, the second hypothesis is almost completely validated because (1) robust proofs can be produced in support of high host specificity for the Pneumocystis species; (2) both observations and experimentation suggest that strong host specificity prohibits cross transmission and allows individuals to conserve their own parasite even when they are not living in their natural environment; and (3) depending on which topology is accepted for the hosts, at least 61% and perhaps 77% of the homologous nodes of the respective host and parasite cladograms may be interpreted as resulting from codivergence events.
Thus, cophylogeny is probably the dominant pattern of evolution for Pneumocystis organisms. This is a new example, in a different parasite group, of parallel coevolution between the primates and their specific parasites. This phenomenon has been proposed in relation to parasites as different as viruses (Siddal, 1997; Diop et al., 2001) , nematodes (Hugot, 1999) , and mites (O'Connor, 1985) . Even if several points must be confirmed with additional samples including wild animals and more complete sequences, the results presented here suggest that the study of Pneumocystis genes could provide valuable information on the phylogeny of their hosts. An important result of our study is the validation of the specificity of the sequence identified by Beard et al. (1999) in several individuals of Aotus nancymai. This study also clearly shows that the areas of highest uncertainty concern the group that includes P. c. pithecia, P. c. sciureus, and P. c. aotus and the classification of the parasites of Callitrichinae, corresponding to similar uncertainties in the classification of the hosts. Thus, the parasite phylogeny generally reflects the host phylogeny, both when congruent and when conflicting. This finding may be interpreted as additional evidence for close coevolution.
Our study demonstrates that Pneumocystis species have dwelt in the lungs of primates and other mammals throughout the ages ). Thus, Pneumocystis organisms illustrate the concept of phylogenetic specificity exhibited by groups of highly adapted parasites (symbionts) manifesting low pathogenicity, high host specificity maintained through time, extensive colonization of a host group, and a life cycle showing closeness with host organs or physiology (Wakefield et al., 743 1998; Durand-Joly et al., 2000) . This concept of Pneumocystis organisms has clear relevance to both complex relationships established by these parasites with the lung epithelial cells (a key to PcP pathophysiology) and the epidemiology of this serious fungal disease often associated with AIDS or other immunodepressing conditions. The present results indicate clearly that Pneumocystis species are not new pathogenic agents but rather are opportunistic symbionts (in the above sense), able to become pathogenic whenever the immunological defences of their hosts decline.
